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DESI&K OF NOZZLSS FOR TEE IFDIYIDUAL CYLINDER 



SXEAUST JET PROPULSION SYSTEM 
By Benjamin Pinkel, 1. Richard Turner, and Fred Toss 

SUMMARY 



This report relates to the design of exhaust-stack 
nozzles for individual cylinder exhaust-gas jet propulsion 
and presents the results of tests on the effect of nozzle 
area on jet thrust and engine pov^er. The tests were made 
on a single-cylinder engine mounted on a dynamometer stand, 

A satisfactory method of correlating the test data 
for various engine-operating conditions is developed. 
Convenient curves are given for designing exhaust-stack 
noz zles and for pr edi ct ing exhaust -gas thrust . 

The thrust horsepower provided "by the exhaust .jet was 
found to "be appreciable. An example calculated for the 
case of an airplane velocity of 35^ miles per hour, alti- 
tude of 20,000 feet, arid inlet manifold pressure of ^5 
inches Eg absolute, gave a value of exhaust jet thrust 
horsepower of l6 percent of the engine thrust horsepovrer. 



IHTRODUOTIOF 



It has been shov-^n by computation in reference 1, that 
an appreciable increase in net thrust horsepower might be 
expected on an aircraft engine vhen the exhaust stack of 
each of the engine cylinders is directed to discharge 
rearv^ardly. Flight tests on the XP~Ul airx)lane (refer- 
ence 2), shoved that thrusts of the magnitude predicted 
by computation could be obtained in practice. 

In the flight tests on the XP-^1 airplane,, two exhaust- 
stack nozzle sizes were tried and it was found that the 
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smaller noszles €;ave larger jet thrust than the larger noz- 
zles out, because the smaller nozzles introduced too 5;reat 
a restriction to the exhaust-^as flo\7, a loss in engine 
po\7er occurred with the result that the net thrust horse- 
power an6. the maximum airplane velocity ^7ere greater for 
the larger nozzles. 0?he maximum net thrust horsepower 
TTould proos/oly have heon obtained ^.vith an intermediate 
nozzle size, 'These tests indicated the need for data to 
determine the optimum exhaust nozzle si zo f-.r maximum net 
thrust horsopo'.rer . 

This report presents the results of tests made on a 
sinsle-cylinder engine to determine the effect of exhav.st- 
stack no!?5zle size on engine poner and exha.ust-gas thrust. 
The tests were made at the Langlejr Memorial Aeronautical 
.Laboratory from July 1940 to March 1941. 

SYMBOLS 

■A . nozzle area, SGua^re feet 

Ag e.xhaust stack area, square feet 

A^ nozzle area, square i:iches per cylinder 

c^ specific heat at constant pressure of exha^ust gas, 
foot-pound,s per slug ^1 

f average exhaust--;as thrust , pounds 

instantaneous exhaust-';as thrust at crank -?vngle 6, 
pounds 

I indicated pov/er, horsepov/er 

indicated po'iver . \vi th an unrestricted exhaust stack, 
horsepoT:er 

indicated pov/er lost in the charging stroke, horsepower 

M instantaneous mass flo\T of exhaust gas, slugs per second 

Mq average mass flo'.r of exhaust gas, slu?;s per second 

m mass of exhaust gas already discharged at crank angle 
6, slugs 
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total nir-ss of charge includinJ?- residuals, slu^s per 
cycle 

nass of fresh charge or exliaxist ^as, slu?;s per cycle 

K engine speed, revolutions per second 

cn-^ino speed, revolutions per minute 

p^ atiiiospheri c pressure, pounds per square foot, or 
inches E*; 

Pg^ cylinder pressure at the tine of exhaust -valve opening* 
pounds per square foot 

p^ ncan effective C7''linder pressure durin'^ the discharge, 
pounds per square foot 

p^ exhaust pressure, pounds per square foot 

Pj^ inta.ke na.nifold pressure, pounds per square foot or 
inches H^? 

Pj^ nozzle pressure, i^ounds per square foot 

p* total impact pressure in exhaust stack, pounds per 
sg/aare foot 

P hrake power, horsepower 

"brake po\7er with an unrestricted exhaust stack, horse- 
power 

r volunetric compression ratio of engine 

E ^as constrvnt of air, foot-pounds per slu? 

R3 ^as constant of exhaust ^as, foot-pounds per slu*:; 

T instantaneous temperature of exhaust ^as in the cylin-* 
. der, ^P ahs. 

temperature of the fresh" charge in the cylinder, °P ahs. 

, Tq,. temperature of exhaust ^as at the tine of exhaust-valve 
opening, ^P aos. 

standard intake air t enperature , ahs, (540^ P ahs.) 



instantaneous tonporature of exhaust ^as in the noz- 
zle, abs. 

instanta.noous tenpcraturo of exhaust <^as in the exhaust 
stack, alDs. 

thrust power, horsepo\vor 

volume, cuoic foot 

clearr.nco volume, cuoic feet 

di splaconont volune, cuhic foot 

displacenont volune , cucic inches per cylinder 

airplane velocity, foot per second 

noan exhaust-^as- Jet velocity, feet per second 

instantaneous velocity in the nozslc, foet per second 

instantaneous ?as velocity in the exhaust stack, fecit 
per second 

ratio of specific heat of exhaust ^as, 1*30 
propeller of f i ci oncy 

thcrnodynaini c efficiency of the engine 

volunotric efficiency of the engine 

crank an^^lo, de^^roes or radians 

duration of exhaust dischar^'jc process, radians 

\7ci^;htin*; factor for exhaust- valve opening 

density of ^ias in the cylinder at the tine of exhaust- 
valve opening, slu^;s per cuoic foot 

density of -^as in the nozzle,- slu^s per cuhic foot 
550 I _ inep 
Pn ^d f Pn 

- 5 50 Iq 
- K 
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5?^ _ 

Ayf = 9( - js^o 

AMLYSIS 



The sas in the cylinder v^,t the end of the oxpancion 
stroke is at a pressure considerahly ahove atmospheric and 
is capahle of performing a,n e.pprecia'ble anoiint of \Tork "by 
further expansion. Jet propulsion provides a means for 
utilising this n-ork. The potential ener-^^y in the cylinder 
is transformed into kinetic energy in the exhaust jet and 
thrust is derived from Jet reaction. 

In the conventional a^ircraft engine the ^ases arc 
discharged throu-=;h the:: valve passa-^^e nith acoustic veloc-* 
ity, and considerahle loss in the availaoility of the en- 
er-^y occurs oecause of acoustic shock and "because the ki- 
netic enor^jr is transformed into hen,t hy turhulence and 
friction in the oends and chan-^'os in passafie area and 
shape. These losses can "bo redxicod hy providin-^; noszlos 
at the end of the e:chaust stacks. If an unlimited amount 
of time \7orc availaolo for the dischar'^e procoss, then the 
use of nozzles having very sm.all areas as compared rrith 
the valve-passage areas is ooviously indicated, DGCp.use 
then the velocity throuf^h the valve passages and exhaust 
ports \7ould 00 very small v;ith the result that the shock, 
friction, and turhulcncc losses \-70uld Do nininiscd. The 
pressure uould be traaasfor.red from the cylinder to the noz- 
zle, rhcrc it may "be efficiently converted into velocity. 
Because- of the linitod tir.c actually availahlo for dis- 
char^;c, operation ^.vith extrcnely small nozzles v/ould re- 
sult in the trappin^-; of hi-Th-prcs sure exhaust ^ar> in the 
en-i;ine and rould cause a considora&lo loss in cncino power. 
Tht: optimum nozzle area is defined as that area which pro- 
vides the maximum value for the sun of the en^ino and jot 
thrust horsepowers . 

Because pressure ratios capahle of providing super- 
sonic velocities are involved, nozzles of the conver^cnt- 
diverp^ent type would tbeor oti callj- -^iive- na:':imum efficien- 
cy. ITossles of this type riust oc dosi*=:nod for a definite 
pressure ratio. The pressure in the o:<:haust stack varies 
cyclically with tine, and for theoretical flow a nozzle 
with an exit area which also varies cyclically with time, 
would he required. A convergent-divergent nozzle which 
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doGS not vary with time T70Uld be little inprovoncnt over 
the simple convor^^ont noi?:zlG. The present report is con- 
cerned \7ith the convergent nozzle. 

The effect c of nozzle aven. on on^si'^o power and ex-- 
hr.ust thrust in.?.y he expected to be different for various 
en-?i:ne conditions. In order to r?inplify the presentation 
of the data, to nako the data available for more general 
application, and to reduce the nunber of tests, it is nec^ 
essar;^ to find the proper fs^ctors for corrclatin-^ the data. 
Although the actual discharge .process in an engine is com- 
plicated, the important -factors nay be revealed by a con- 
sideration of a sinplifie'd case provided the proper dis- 
char^je phenononon is chosen. 

Effect of Ilossle Area on En'-;ine Power 

In the conventional aircraft engine with unrestricted 
stacks, the cylinder pressure niay drop to atr.o spheric pres- 
sure durin'i the exhaust event as early as 120 crank de- 
crees before top center. As the discharge area of each 
stack is reduced by providing a nozzle, the discharge proc- 
ess is slowed down and the cylinder pressure is greater 
than atmospheric pressure for a lar-^er part of the dis- 
charge period. 

A small reduction in discharge area causes no notice- 
able effect on on?;ine power but as the discharge area is 
further decreased, losses in en-^ino power from two sec- 
ondary sources become apparent successively, namely: 
(l) a loss in power caused by increased piston v/,ork a-^ainst 
higher back pressures, and (2) a loss in power cs,used by 
the reduction in volumetric efficiency resulting; from the 
presence of hi?h-pressurc cxha\ist ?;as in the cylinder dur- 
ing the valvc-ovorlap period' and at the time of closure of 
the exhaust valve. A ranse of nozzle sizes exists for 
v;hich the first loss occurs but, because sufficient time 
is available for dischar?;e of the cylinder pressure to 
a-tmospheric pressure before the opening of the intake 
valve, the second loss is not experienced. The second 
loss is accompanied by only a small additional reduction 
in economy. 

The important variables that apply with regard to 
the effect of exhaust-stack nozzle area on en^^ine power, 
are brou^-^^ht out by the following; analysis. The indicated 
horsepower is the difference in indicated horsepowers of 



the poTvor proceos (conprossion and expansion r>trokes) and • 
of t'le Aischar^in^i and char^in^ procossos. 

I = K M T]t - ~ — Ip 

. ^ ^ 550 X 2 ° 

where 

I indicated hornopo^rer 

Mq slu^'js of char?;e oiiriiod per second 

indicated thermal officionc?' 

K constant 

F.ec?.n effective pressure during the dischar-^o 
process 

Ti engine revolutions per second 

v^j]_ en^^ine displacement vclune 

indicated po\7er loss in char?;in-^ process 

If it is assumed that at the tine the esha-ust valve 
closes the clearance volume v^ of the engine is filled 

with at a pressure p^ , and if it is further assumed 

that durin^i the char^in^?; process the residua,! -^as in the 
clearance volume is compressed adiaDa.ticalljr to the inlet 
ma/nifold pressure Pj^^ , then the volume occupied oy the ve^ 

si dual ?as is 




and the volume remaining; for inlet char^^^e is 



or 




where r is compression ratio. 
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Thus for a ^iven engine, the vo?u-Uirie occupied oy fresh 
charge is proportional to and a function of Pe/pr>' 

The hiass^ of fresh char^;e rn^ occupying; this volume is 
^iven "by the ^as law 



m = - ?n ^d ^ fie \ 



where 0?i is the t eiiperature of the fresh charge in the 
cylinder at the end of the intake stroke- But 



i-^e = ^e ^ 



and 



inep = 



^d 2 



Then 

inep 550 K ,t> . d ^ 

^ = = f (le\ - la - 9( (i) 



iThere 



^ _ 550 I, 



^d 2 



If is the cylinder pressure at the tine the ez--- 

haust valTs opens and is the corresponding^ .^as ten- 

perature, then consideration of the ideal Otto cycle indi- 
cates that Prj/Pri and T^^ are constant for a constant 
inlct-char?o t or.;perat\irc , fuel-air ratio, and Pc;/Pn* 

As a sinplif i cat ion., it is assured that the noszle 
presents the principal restriction to exhaust-^as flow in 
the ran^'^;c of present interest. The velocity of flow 
throu^i;h the nozslo area, A is pro]portion.?„l to the prod^ 

tict of y T^^ and a definite function of p/Pq ' ^.^herc p 
is the variahle prossiirc iza the cylinder a.nd p^ is at-, 
nospheric pressure • The volune rate at which leaves 
the cylinder at any pressure ratio p/Pq » proportional 

to A. The rate at which cylinder volune is swept oy the 
piston at any given crank an5;le is proportional to 
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Thus for all cases in v/hich the ratio of r^l^ to A is 
constant and P^/Po '^-^^ ^^^^ constant, p/p^ 

deer oases in the sano manner with crank an^le and att.ains 
tho sane value Pc/Po valve-closing tine. Thus Pe/Po 

-3id P^/Pq .-xre functions of and Pq,/Pq at a con- 

stant value of Tg^, Ho\7ever, for a constant air-fuel ra- 
tio and inlet-charge temperature the quantities Pa/Pja 
and are constants; therefore, for these conditions 

P^/Pq and P^/Pq are functions of and Vn/^o onlr. 

Saltation (l) "becoFics: 

To include the effect of variation in the value of 
T^ on the rate of discharge throu?;h the nozzle and to oh- 

tain* a nondimensional esttrossion , the factor JA^ moi^r. "be 

* ■ A ^ 

written v^^T/A ^H^Tg^ where is the constant 

in the -:^as law p = P Se 3? , Por the reason of simplicity 

of application and "because T^ does not vary appreciably 

for a 9;iv3n fuel-air ratio, the factor 3.4^ will oe used 

•A 

in the present report. 

. Because of the change in thermal and volujnetric effi- 
ciency rith engine speed and "because of the uncertainty 
in the value of the engine friction inherent in its deter- 
mination from motoring; runs, slightly different curves of 

(ji against P^^/Pq and may "be expected for different 

engine speeds. To reduce the dispersion caused oy engine 
speed for tho purpose of more clearly definin<; the value 



of - 



v^H 



at which the engine "begins to lose power, the 



data are plotted as t,^ defined oy ' ■ ' 

^- ^ = (3) 

where (f>^ is the value which applies for the unrestricted 
exhaust stack at tho same engine speed, inlet manifold 
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pressure and temperature, atmospheric, pressure, and fuel- 
air ratio as that at which 0 was determined. The quan- 
tity Aj6 is a measure of the loss in power resulting from 
restriction of the exhaust-stack discharge area. Equation 
(3) indicates that the data on the effect of nozzle size 
on engine power may he correlated "by plotting A0 against 

p /p and v.K/A. 
- m' ^0 d ' 

Although the actual discharge process is complicated 
"by additional phenomena, it is "believed that the a"bove 
discussion reveals the most important factors and is suf- 
ficiently accurate for the purpose at hand. 



Effect of Nozzle Area on Exhaust Thrust 

If it is assumed (l) that the largest part of the ex- 
haust gas is discharged from the nozzle with acoustic ve- 
locity and (2) that there is an inappreciable loss in en- 
ergy hy heat transfer to the passage walls, then the fol- 
lowing relations apply. 

The thrust Iq developed at the crank angle 9 T^y 
the discharge of M slugs of gas per second at acoustic 
velocity is given iDy 



where 



" n 
Pn 
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= Vj, M + A (p^ - Pq) 



instantaneous velocity at the nozzle exit 
loressure in the exit of the nozzle 



But 



A p^ = 



M 



Pn ^n 



= M 



■^e *n 



where 



Then 



■n 



'n 



temperature at the nozzle exit 
density in the nozzle exit 
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On the assumption that the ener^v lost "by heat transfer to 
the v;alls is small, the eq.uation for conservation of cn- 
er^^,y ^ives 

where T is the instantaneous temperature in the cylin- 
der at crank angle 6. The well-known relation for acous- 
tic velocity is 



= He 
Equations (5) and (o) give 



^- y Y + 1 



and 

p 

n y + 1 

Equation (4) thon "oeconss 



If is the temperature in the cylinder at the time the 

exhaust vs.lve opens, then on the assumptions that the pis- 
ton work has only a siTiall effect on the temperature of the 
largest part of the ^as dischar^^ed and that the expansion 
in the cylinder is'adiahatic 



v/aere 



■a va* 



p instantaneous density in the cylinder at the 
crank an^,le 6 

density in the cylinder at the time the valve 
opens 

mass of exhaust ^as in the cylinder at the time 
the exhaust valve opens 
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m riass of exhaust ^as that has left the cylin- 
der up to tho crank an^;le 8 

Equation (?) >?ives the instantaneous thrust at the tine 8 
If this thrust acts for an interval dS, then the avor- 
a^^e effect of this thrust over the conpletc cycle is 



- 111 T 



1 - I- 



y-1 

l2 r 



4Tr 



de 



o 4Tr 



The total averase thrur.t r is the sunnation of thece av~ 
era--^e thrusts and is <;ivea "by 



r iQ^B _ Y+l / ?.ReV / ' ^ 
-/ A-rr Y y Y+1 M L ^ 



'2 Md8 



aj 



' ^0 ^ 4tt 



rhere . 6^ is the duration of the discharge process. But 



= dm 

2ttN 



Tiie r e 



ana 



jXq aass of exhaust ^as discharged from the engine 
per cj-cle 

I'iq avera-;e rate of dischar=!e of exhaust '?as par 
second 



n 



1 - 



n 



a J 



Md8 ^ ^ , 
4iT ng./ 



J^e 



Y-l 

r2' 



1 - 



n ! 
nr. ! 



dn 



il = 2 r2R^ j , Hex 

Y J Y+1 ^ n^, i V 



Y+1 



Po^ h. 
Me 4Tr 



(8) 
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It vrac previously pointed out tho.t for a ^iven en- 
gine, operating at a ■;iYen r.ir-fuel ratio and inlet-air 
tenperature, tlie temperature T^^ is substantially con- 
stant . 

V+1 

2 



The quantity — 

^e 



is close to \inity in 



^ - (\ - 1-:) 

value and varies only slightly with operatin.^ conditions. 
Therefore I*/Mq is a function principally of 8;^PqA/Mq. 

The quantity F/Mg , i;?hich is the thrust per unit mass of 

exhaus tj^^as flo^Y per second, will oe represented oy the 
synhol and will oe called the avera^;e effective ex- 

haust-^as Jet velocity. 

It has oeen shov/n in the previous section that the 
pressure ratio p/Pq during the discharge period varies 

suhstantiallj'- in the same nanner with crank an^^le for all 
cases for which Po/Pm ^.nd v^ll/k are constant. Thus 
the discharge period 6^ is a function of Pq/Pei and 
v^U/A. 

As v^K/A increases or Pq/Ph decreases, 9^ approaches 
the crank-an^le duration that the exhaust valve is open. 
Therefore, in tho ran^e where v^2J/A is lar?;c or Po/Pn 
is sr.all, 2"/^^ in equation (8) when plotted a?^ainst 
PqA/Mq approaches a straif^ht line, the slope of which is 
-'€y/4Tr where 8y oecomes the crank-r:,nsle duration that 
the exhaust valve is open. 

The quantity v^j^N/A is equal to 

a" p^ Ap^ \. \ J ^(]>f); 

where f is the fu8l-n,ir r^.tio. 

For a constant value of PqA/M^, an increase in Pq/Pj^ 
results in an increase in v^ll/A. But increases -in the 
values of Vq^Iv^ G,nd v^iJ/A ha'.'C opposite effects on the 
value of 8y^. Thus it is expected that the effect of var- 
iation of po/Vm 6V ^ constant value of PqA/Mq 
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is snail and that 9^ depends mainly on p^A/M^ . It is 
therefor^ oelieved that over the largest part of the in- 
teresting ran^^e F/M^ is a function principally of 
PqA/M^. The test data will oe presented oj- plotting; P/H^ 
against VqA/H^ and will he examined for trends with re- 
spect to Po/Pm' 

The ahovG analysis is admittedly approximate as it 
aGsumes acoustic velocity .at the exhaust nozzle over the 
entire discharge process, ne-^lects heat transfer to the 
walls and neglects the cohtrioution of the piston work to- 
ward raising the temperature in the cylinder. Its prin- 
cipal virtue is that" it points out the important varialDle 
on which the thrust depends. A somcv/hat more exact analy- 
sis, in which the first assumption is not nado , is ^iven 
in appendix I, 

The thrust horsepower^ of the oxhaust-gas jet. is -^ivon 

hy 

tht; Yn 



^ 550 

when is airpLane velocity in foot per second. 

APPARiiTUS 



The single-cylinder test engine for this investiga- 
tion was a Wright 1820-C- engine modified to operate with 
only one cylinder. The regular crankcase, crankshaft, cans, 
piston, and JTxaster connecting rod were retained. The con- 
prossion ratio was 6.4 :1. The exhaust valve tining and 
lift diagram are shown in figure 12. The air-cooled cyl- 
inder was enclosed in a sheet-metal jacket open at the 
front and roar and a motor-driven ccntrifxigal "blower pro- 
vided the necessary cooling air. High*-prcssurc air for 
the supercharged condition was ootained from the central 
air supply. An electric dynanom.ctor was used to measure 
the torque of the engine, and an electrically operated 
revolution counter. and a stop watch for determining the 
engine speed. Thermocouples were provided to measure cyl- 
inder temperatures. The engine air charge was measu.red 
means of an orifice .plate in the air-intake pipe. A tank 
was installed hetween the engine and the orifice plate to 
dam.p out pulsations. The fuel-^flow rate was measured hy a 
rotameter. 
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Tho evha-ast stack was a straight pipe 2™ inches in- 

x6 

ner c.ianeter- ,?,nd 20 inches ion^. One end of the e:rhau<jt 
stack v/as provided with a flange for the attachment of 
various exit nozzloc. The nozzles used had a uniform 
lonsth of 5 inches and consisted of a 3-inch tapored sec- 
tion having a 1-inch straight section on each end. Smooth 
transitions from the tapored to straight sections wore 
provided. 0?he ezhaiist ^^:asss were dischar^;ed into a tank 
or into one or t^70 thrust-ineasurin-^; devices and renoved oy 
ar. exhauster. 

The tarJr which \7as used durin'^; the tests to determine 
the effect of e>:haiist-no2;zle restriction on en^;ine power 
v:ith various e::ha.ust pressures, had a volume of approxi- 
mately 70 cuoic feet., The exhaust pipe ras connected to 
the tank v;ith a lorr;th of flezihie tuhin/;. A tap for 
measuring static pressure v;as located in the tank. 

The niean cxhaiist-p;as thrust at sca-level exhaust 
pressure v/as rceasured oy means of the thrust target shown 
dia^rannaticallv in figure ifa). The exhaust ^as dis- 
char?-:d from the t.ozzIo 3 entered the target throu»;h the 
hole in the cover plate A, irnpin^^od on the stainless- 
stool plate G, and loft the tar^^et through the tvro pipes 
D normal to the jot and parallel to the axis of support' 
of the target. Those pipes \7orc provided with vortical 
^'ui dc vanes, E, to ininiro discharge of the gas from the 
tank in a direction norrial to the nczslo axis* The ex- 
haust manifold F fitted over these pipes hut Vvithout 
contact. The hole in the cover plate A nas approximately 
3/s inch greater in diameter than the nozsle exit passage.' 
A different plate ^^-as used for each noKsle sise. The -end 
of the nozzle was located approximat el*^ l/4 inch from the 
plate A, ?rer,suro tap M v;as located in the target in a 
por.ition to measure static pressure only . The edge of the 
tap v/as rounded to avoid errors otherrise introduced o^r 
the fluctuations in T)3rossiire. 

Sxhaust-gas' thrust measurements at simulated altitude 
conditions were made hy means of the thrust target shown 
in figure l(o). The target K was suspended within the 
tank L v/hi ch ^vas connected to the olower. Altitude pres- 
sures could he maintained in the tank oy operation of the 
hlower. The nozsle B was attached to the tank L in a 
manner to prevent leakage. The exhaust gas entered the 
target through the hole in the cover plate A. As in the 
previous case, a separate cover plate was provided for each 
nozzle. Deflectors C were provided to distrihute the ox- 
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hauct -JC^iG in the target r.nd ^uidc v:/.ncs .S to inn-are dis- 
ch^rec of tho exhaust t'lrou^h exit pipe D in a di- 

rection pcrpondi calar to ths r^ozsle axin» The axis of 
the pipo 33 IntorsGctod tho axis of tho hollow shaft 0 
in order to ^iniriizo torsion-^,! reaction to tho dischar'^o 
of o-xhCt-J-nt froin the tar-^ot* Water v/as circul.ated 

thrcu-;h tho hollow Gl^aft 0 for coolin-S- Static pres- 
sure taps" ? ,arid Q, \verc located in the tar-jot and tank, 
rccpoctiTol.Ye The pressure was trancnittod from tap P 
throu=i;h a thin tuho H coiled to provide a no^li^^ihlc re-t* 
straining', force on the tar^-jot. Tho prc^izv-vc taps v;orc 
rounded at their cd-i?cs and eonnoctod to tuoos of sitiall <ii- 
ar-ictcr (0:,040 ino in crdcr to o otain ' corrc ct aver-- 

a^^ot) of the fluctu?tinp; pro^^^surcs. Tho pressures vrcro 
measured "oy ineans of nanomcit crs « 

Both cf the tar''"ot s -or o. . nupport od on "ball hearings 
The cxhauct thrunt -^ar? dot Qmiued from readin^;s of tho 
platforn ncalen H (fi^. l(a))'and the noncnt arms. To 
ovorcorio vihration, tho load on the r.calcrj v/aB- increasod 
by vTci-'^ht3 I and co^rricd on riiooor hushinf^s J, 

Photo^^raphs of the tvro thrust devices set up on tho 
tos:t online are shoisfB fi^uroa ?(a) and (o). 

Arm-r 100 octane fuel ras used in these tests, 

HSTHODS 

3ffect of ITozsle Area on Engine Po\7cr 



The effect of exhaust restriction on engine pover.iras 
detcrninod at tho onqino speeds of 1300, 1500, 1700, 1900, 
and RlOO rpr- and at r.aximun poror fuol-air ratio, OcOS, 
Variation in speed of ilO rpn and of fuel-air ratio from 
0.079 to OoOSl \7as porr::ittcd. In .^jcneral, for each er- 
ha.ust no5:?;lc tho cn-'^inc ^ras operated at each speed over 
tho follov-in^ rcvn-fo of conditions-: 

(a) Inlet nanifold pressure 30 inches ahs. and 
exhaust tank ip^'cs sure s varied from 12 to 30 
in chef? ah?., 

(o) Inlet nanifold pressure varied fron 24 to 30 

inches E% acts, and ox'naust tank pressure con- 
stant at 30 inches H-;^. 
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In r-ddition, varia,ble nanifold pressure runs at boosts up 

to 3o inches a^bs. p-ere made with the target shown in 
f i -:;ure 1 (e. ) . 

The nozzle areas tested were 0.91, 1.29, 1.39, 1.77, 
2,85 . and 4.20 square inches. 

In all te-sts the oil-out tempera-ture wa,3 held between 
140^ and 160° F a.nd the coolin'^-air pressure drop \7as held 
at a.pproxir::G,t ely 20 inches HgO, The carburetor inlet tem- 
perature remained at approximately 80° F, the raaximupx var- 
iation ^10° F. The online power and- char.^e-air consump- 
tion v:ere corrected to a carburetor air temperature of 30°F 
on the assuription that they, vary inversely as the squa.re 
root of the absolute temperature.' 

i/Iotorin^ friction with the unrestricted exhaust stack 
was measured at each speed with sea-level inlet and exhaust 
pressure. These values were plotted against en^^ine speed 
and the data faired. The friction determined from the 
faired cxirve was used for all nozzles to compute the indi- 
cated r.ean effective pressure. Th.e ratio of the indicated 
mean effective pressiirp to inlet manifold pressure ^ is 
plotted as'ainst the ratio of exhaust tank pressure to in- 
let manifold pressure Po/Pm ^^'^ figure S. 

The volumetric efficiency was calculated from 

the corrected wci^'ht of charge air by means of the follow- 
ing relation : 



where Tj_ is the standard carburetor air temperature 
(80° I' 4- 460° I- in this case). The volumetric efficiency 



The quantity for each nozsle was taken as the 

difference between the value of ^ for that nozzle and 
for the unrestricted exhaust stack at the same values of 
engine speed and Po/pm^ --^ valuer of iS^ were calcu- 
lated from the faired curves in figure 3 and are shown in 
figure 5 plotted a-^ainst v^ll/A for constant values of 
Po/Ptn as su^<>ested by equation (3) and the discussion in 
the section on analysis. 



2 H T 



i X mass of char'^e air per cecond 




18 



The quantity AT}^ was determined from figure 4 in a 
manner sinilar to that descrioed for and is shorn in 

fi-r^re 6. The values of and ATl^ at Pq/Pei ~ ^'^^ 

T7ere ootained oy extrapolating the curves in fi^>ures 3 
and 4. She lines through the points ir,. figure 5 ^7ere es- 
tahlished the method of least squares. The points at 
which the o'hlique linos intersect the A ^ = 0 lines de- 
fine critical values of ^a^/A. The critical values of 

are plotted in figure 7 against Pq/Pb ^"^^ ^"^^ 
i^riatcd 'hY 'A^^ = 0. The values of v^jH/A at which AjJ = 
-0.5 and -l.O, are also sho^vn in this, fi.^ure* 

Sffect of lioszle Area on Exhaust Thrust 

The effect of no^islo sise on exhaust thrust was deter- 
mined for the iollO;7in.^ ran^e of online conditions: 



Noszle area Inline sDOcd, rpm 

sq in. 1300 1500 1700 1900 2100 

t>T) -OT) ry Tj "Dp PP 

"m-o "in^o ^ni"o *ni o mo 

0.91 V 30 . V 30 V 30 ;v 30 v SO 

30 V 30 V 

1,39 V . 30 V 30 V 30 

1.77 V 30 V 30 V 30 v 30 v 30 

50 V 

35 V 

2. 85 V 30 V 30 v 30 v 30 v 30 

4.20 V 30 V 30 V 30 

The s"ri^?ol v in a column headed p^^^ indicates that 
the manifold pressure uas varied over a ran^;e from 22 to 
36 inches aosolute, v/hilc the sa^me syinool in a column 
headed indicates that the exhaust discharge pressure 

Wc?.s varied fron 12 to SO inches ahsoluto. All tests 
^7ere made with the target sho;?n in figure l(a) except those 
marked variaole p^ , vhich were made with the tar?;et shown 
in fi^;uro 1(1)). 
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ThG thrust of the exhaust gas was determined oir dis-» 

char^^in<^; the exha'ust %az into the t<?.r-^ets r^hovm in figure 
1 and oy rer.din^ on the scale n quantity proportional to 
tho reaction of the target, Bocauso each t.ar'^ot is de- 
signed to discharge the exhaust ^^as at ri^ht angles to tho 
direction that it i 3 sixes from the exhaust stack, the re-- 
action of the tar?;et is equal to the exhaust-'^as thrust. 
The tar^^^et reaction was calculated from the scale reading 
hy nultiplyins "by the lever-a.rjn ratio. 

The \7ei^ht of exhaust ^as v/as determined hy moans of 
the caliorated orifice in the air-intake line and the ro- 
tameter in the fuel line. The thrust data are presented 
"by plotting the ratio S'/M^ or a^jainst p^A/Mq in 

accordance with equation (8) and the associated discussion 
in the analysis. A separate plot of the data for each noz- 
zle is shown in figure 9. All the data taken have "been 
collected in fi°;ure 10. 

Indicator cards were taken in the cylinder and ex- 
haust stack oy means of tho ^'arnooro indicator at an en- 
?;ine speed of. 1900 rpm and soa--levol inlet manifold and 
exha.ust pressure for tho follov/in?; nozzle aroo-s 0,91, 
lc39, lo77, 2e24, 2.85, and 4.20 square inches. 

The impact pressure in the exhaust stack and the in- 
stantaneous and avora?e thrust were calculated oy the m.oth-" 
od -^^ivon in appendix II. Tho pressure in the cylinder and 
exhaust stack, and tho instantaneous thrust and mass flow 
of exhaust ^as arc plotted in fi-^urc 12. 

Tho iGcan exhaust-?;as jet velocity calculated from, the 
indicator cards is plotted with other data in fi^;ure 9. 

Tho maximum cylinder-head tomporaturo for various noz- 
zles is shown in fi-^urc 13. Those temperatures were cor- 
rected to a- common cooling air inlet tem.perature h^r means 
of the -assumption that a 1° chan<so in coolin-^* air inlet 
temperature caused 0.8^ change in the head tem.perature. 



Discussion OF RESULTS 
The Effect of Kozzle Size on Engine Power 

Tho variation with "o /v of incr>/r> and volumetric 

- 0 ' " m * ' m 

efficiency for a ran^o of nozzle sizes and online speeds is 
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shotrn in fi-=^urGs 3 and 4? rcspo cti voljr . The value of 
Po— n '"^^^ varied oy changing; the valu.cs of Pq and p^^. 
The sane curve is ootainod for a ^ivon nozslo and on^i:ine 
speed regardless of \7hich of the terns in the quantitv 
Po/Pn '-^ varied. This result is in a-srooraent -.rith the 
anal::.''sis and eqtiation The curves marked 4o20-souare- 

incn nozalo a.rea represent the unrestricted exha,ust-sta,ck 
condition. The quantitjr AyJ, which rcproGonts the loss 
in specific indicated nean effective pressure reGultin^ 
from a reduction in nozzle size, is ootained oj- subtract-* 
in^ the values o.f inep/p^ for a ^iven nozzle iron the 
values for the unrestricted stack at the sane en^;ine 
speeds and the sane values of Po/Pn* ^^^^ quantit;^- A is 
seen in equation (3) to "be a function of Pc/Pn * 
and Vg^lT/A. The values of A ootained fron figure 3 are 
shown in fi^^ure 5 plotted a^iainst v^N/A for various val- 
ues of Po/Pn* noted that a sin^^'le curve is ootained 
when Ayf is plotted a-iainst v^JT/A re'-^ardless of vrhether 
engine speed or nozzle size is varied- This is further 
suostantiation that the analysis loadin-:? up to ecuation 
(3) -reveals the correct prinar:r variables. Fi-^;uro 6 sho-TS 
a sinilar plot of ATI^. against v^N/A and Po/Pn ootained 
fron fi?^uro 4. 

It is noted in figure 5 that at lot; values of v^j^H/A, 
A52! = 0 out that as ^d^V*^ increased a point is reached 

v^here A^J decreases sharplj'* v:ith further increase in 
v^l7/A. Although a snooth/ transit ion fron the region Ajjf - 
0 to the region of loss in po\7or prooahly occurs, the 
transition is so sharp that no appreciable error results^ 
fron drav;ins separate strai-'^ht lines throu'';h the points in 
the tv;o re-:;ions. The intersection of t-iesc linos narks 
the critical value of v^il/A. 

The curve in figure' 7 labeled A^J =0 is a plot of 
the critical values of v^^il/A a5;ainst Pq/Ph obtained 
fron f injure 5. Curves arc also ^ivon for A^^ = - 0e5 
.and 1.0. 

A conparison of figures 5 o/nd 6 sho\Ts, as nozzle size 
is reduced for a -°*ivon set of operatin-^ conditions, that 
the point at vrhi ch porjor loss bc-^ins is reached ooforo the 
cn^^ine loses vclunetric efficiencyo The difference is 
caused by the increo.se in piston \rork v/ith reduction in 
nozzle size \7hich bocones noticeable before loss in volu- 
notri c efficiency. 
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The curves shorn in figure 7 are appli cajole to other 
engines havin^^ a similar valvs timing and ratio of vs.lve- 
passa^e area to cylinder volume regardless of the cylin- 
der displacement volume » It is oelieved that present-day 
engines are qui i i ci ent ly similar in desi^^ix to permit use 
of these data on most of these engines. If the exhaust 
valve in a pa-rticular en^;inc opens approciahl;:'' earlier or 
closes apprcciahly later than that on the engine tested, 
the nozzle sizes calculated for this en-^ine from figure 7 
are conservative ^7hile for en5;ines havin-^^ an appro ci ahljr 
later valve-oponinf; time- or earlier .valvc-'Closin^ time, 
the nozzles predicted from figure 7 may result in some 
loss in engine powere 

!Phe present data relate to a fuel-air ratio of 0.08, 
Per operation at other fuel-air ratios, some deviation 
from the results shorn in fi-^ure 7 may oe exisected. In 
the analysis it was predicted that for constant Pa/Po 
there should oe flovr similarity for constant v^iJ/AyHeT^. 
The critical value of v^N/A ' for a fuel-air ratio of 0^08 
does not chan-^^^e much rith Pq/Pp-^' hence rould not 

chan^;e much rith p^/p^. For r.ixtures '-^ivin'^ lorer values 
of Tg^, the critical value of v^/A r/ould he expected 
to decrease in proportion to the square root of Re^'a* 

In the flight tests with a Pratt & Whitney 1830 en- 
gine, reported in reference 2, a loss in ^ of 0,36 \ras 
obtained with the smaller nozzle (1.77 sq in.) at a value 
of Po/Pm 0.305 and a value of v^H/A of 251 feet per 

second. A point is plotted in fisi^-^o 7 at these values of 
P^/p^^ and v^N/A , and indicates that the value of Is^ 

oonervca chocks vory closely with that ^,ivon by fi-^urc 7, 
Computations on the larger nozzle used in these tests 
shov/ed that this nozzle operated at a value of v^xT/A of 

135 feet per second, \;hich is less than critical value and 
it nay be concluded that a sonerhat larger thrust could 
have Doon ohtaine:! with no loss in online pov/or O;^ usin^5 a 
nozzle' size intermediate to the two tested. 

It is shown in ajppcndix III that \irhon a reduction: in 
nozzle area results in a loss in engine power, the loss in 
online thrust horsepower will he '-greater than the ^ain in 
exha.ust-- j et thrust horsepower ootaincd by this change in 
nozzle area. Thus the curve ^ = 0 in figure 7 defines 
tho optimum nozzle a,rea. This curve is ropresonted by the 
nomogram in fi<\'ure 8. 
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The nozzle area is ohtained from the nono^ram hy (l) 
Joining the values of v^' and IV with a straight ed^e, 

(2) narking the intersection of the straight edge with 
the reference line, and (3) drawing a straight line through 
this intersection and the va,lue of Vq/Vj^* intersec- 
tion of this line with the A.* scale sives the req^uired 
noEzle area. An exanple is shown on-the nonogran in v/hich 
v^' = 202'cuhic inches per cylinder, II* = 2300 rpn , and 

p /id = O.3. 'The noszle area obtained for this case is 
o n 

3.55 squo.re inches per. cylinder. 

The slopes of the curves in figure 5 at the values of 
v^ll/A aoove the critical value are designated by --d(A^)/d 

(v^lT/A) and are shown in figure 7 plotted a^^ainst Po/Pn» 

Effect of Hoszle Size on Exhaust Thrust 

The data on the effect of nozzle size on exhaust-^as 
thrust are shown in fi^,uros 9_and 10, in which the thrust 
as represented by I'/U^ or is plotted a.*;ainst p^A/Mq, 

The points for each nozzle area arc plotted on separate 
curves in fi=;uro 9 and are coded according to on-^inc speed 
and to inlet and exhaust conditions in order to allow ex- 
amination of the data for any trend v;ith respect to these 
vo.riableso The curves in figure 9 arc. sections of the 
curve in fi-^ure 10. 

The dispersion of the points in fif;ure 9 appears to 
bo the result mainly of cxperincntal error as no trend can 
bo noticed with the variables isentionod. All the data are 
plotted as a sin^'le curve in figure 10. It nay bo conclud- 
ed from an examination of this figure that plottiia^; 
against p^A/Kq provides ^:;pod correlation of the data 
over the complete ran^^e of operating conditions. The cor- 
relation is sonewhat better at the lower values of Po-^/^e 
PvS was expected from the discussion in the analysis. 

In the section on the effect of noszle size on ea^ine 
power, a method v;?.s ^iven for determining, the nozzle size 
when the en";ine-ppera,tin^ conditions arc known© With this 
value of nozzle size and the values of atmospheric pressure 
and the mass of exhaust r?as dischar^'ed per. sccj^^d, the value 
"of PqA/Mg can be calculated. The value of . Vq can then 
bo obtained from fi'^ure 10 corresponding to this value of 
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PqA/Mq, and the exhaust thrust and thrust ' horsepoTrer mtx^^ 
be calculated fron 

thp = MeVo7o/550 

For cxanplo, if the conditions of the example in the 
previous section arc assuned and if in ,adc.ition the atnos- 
phoric pressure p^ (20,400 ft altitude) is 960 pounds 

per square foot and the engine poorer per cylinder is 100 
horsepower, then on the assunption of 0,002 pound of exhaust 
^as per second per orake horsepower, the thrttst is oDtained 
as follo\7s: 

^ X ~ — X = 3830 feet per second 

Me 144 0.2 - 

Pron firare 10 for this value of PqA/M^ 

Y@ = 2320 feet per second 

The thrust is • ^ 

0 2 

P = 2320 X = 14*4 pounds per cylinder 

At an airplane velocity of 350 miles per hour (513 
ft per neo), the thrust horsepower* is 

thp r= 14.4 X = 13.4 hp per cylinder 

On the assuiaption of a. propeller efficiency of 85 percent, 
this thrust horsepower is 16 percent of the engine thrust 
horsepower. 

A more extended example of the ^ain in thrust horse- 
power to he expected from exhaust-^as jet propulsion, is 
shown in fi^^ure 11. In these computations an inlet mani- 
fold temperature of 80^ F, an exhaust-^^as flow of 0,002 
pound per second per orake horsepower, a propeller ef f i- ■ 
cioncy of 0.35, and the volumetric efficiency shown for 
the unrestricted stack in f injure 4(e) wore assumed. 
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Effect of Sxhaust Stack Hozzle Area on 
the Exhaust Process 



The static pressures in the cylin.der and exhaust 
stack measured means of a Farnooro indicator are shown 
in fif^ure 12 for a series of nozzle sizes and the follow- 
in-:; engine conditions: 

Engine speed , 1900 rpm 

Inlet manifold pressure 30 in. Eg * 

Atmospheric pressure .30 in. H^' 

Fuel-air ratio 0.08 

The impact pressure in the exhaust stack, calculated oy 
means of equations developed in appendix II, is also* shov/n 
in this figure. The impact pressure for the large nozzles 
is consideraoly less than the cylinder pressure, showing a 
large loss in available mechanical energy through the ex- 
haust port. As the nossle size is decreased, the impact 
pressure in the stack approaches the cylinder pressure and 
the loss in available mechanical energy is decreased. The 
increase in availa'ole mechanical energy results in an in- 
crease in exha.ust thrust. The values of the exhaust thrust, 
calculated from the impact pressures and datermined from 
the experimenta.1 data in figure 10, are ^iven in figure 12 
and are seen to oe in fair a'^reem.ent. It is noted that al- 
thou?>h the exhaust thrust increases continuously with re- 
duction in nozzle area, the ' value of ^ remains su'Dsta,n- 
tiall7/ const.ant until a nozzle area "between 2.24 and 1#77 
square inches is reached, "beyond which further reduction 
in nozzle area causes a lar^;e decrease in power. Pi.^ure 7 
shows that the maximum value of v^l?/A for no loss in en-. 
Sine power for Po/Pm, ~ feet per second. This 

value of v^1T/A lies oetwc.on- the values for the 2.24 and 
1 • 77-sq,uare-inch nozzles. • (See fi^. 12.) 

The oxhaAist and inlet valve lift diagrams (cold) are 
shown in figure 12. A line is drawn at a lift equal to 
the additional exhaust -valve clearance for the. hot en-^ine." 
The inter sect io2is of this line with the cold exhaust ^valve 
lift dia-'^ran indicate the positions of exhaust-valve open- 
in^? and closin^^. The valve clearance was ootained for the 
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hot condition "by quickly ciiuttin^'? dorn the on-^ino after a 
pov/or run and noasurin^^ tho cloo.ranco as soon possiole.. 
Because of the dolay inherent in thir> nethod, sono orror 
ini=;ht Ijo oxpcctod in this dot ornination of Talvc clearance* 

Effect of Nozzle Area on In'^ino Temperatures • 

TcnporaturcG wore r.casurod on the cylinder head at the 
rear spark-plu^^ -gasket , a point on tho cylinder head near 
the roar spark plu^ , a point hotwoon the exhaust port and 
the rear spark plu-^; , and at the roar of tho "barrel. She 
point 'bot\7oon tho rear spark plu^^ and the exhaust port had 
the highest tonporaturc. This tcF.poraturo is plotted 
against A and Po/Pn figure 13 for p^ = 30 inches of 

norcury ahsolute and three en*?ine speeds 1300, 1500, and 
2100 rpn. Plotted on .this fi^>uro are. also the critical- 
nozzle areas determined fron fi-'juro 7. It iv. noted that 
for nozzle areas 'greater than the critical area, only a 
small increase in tompcraturo results fron decrease in. 
nozzle arco.. A narked increase in head tenperature \7ith 
reduction in noz7,lo area helotr the critical area is noted# 
This increase in tonporaturc occurs in spite of tho rcduc* 
tion in ensino pov/or rcsultin's fron operation with nozzle 
areas loss than critical and is attributed to tho fact :that 
exhaaxst ^as i s . naintainod within the engine port and cylin- 
der for a ln,r^or part of the cycle, and that tho larger 
quantity of exhaust, ^as trapped in tho cylinder results in 
larger average rjas tonpcraturcs . 

COITC'LUSIOHS 



1« As tho discharge areas. of .the exhaust stacks arc 
reduced, tho exhaust-^^as jot thrust per unit na.ss per sec - 
ond of.exhaiist ^as is incroasode 

2. Ahovc a critical noszlo varea, reduction in nozzle 
area results in a ne'jli'^ihlo reduction in online power. 
Below the critical nozzle area, reduction in nozzle area 
results in a sharp reduction in on^>ino power, 

3, At nozzle areas Icon than the critical area, the 
loss i*n en'^inc power is r.uch -greater than the lain: in 
cxhaust-=;as jet thrust horsepower for airplane volocitios 
considcrahly in excess of present-day velocities. Thus, 
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o"Deratlon at the critical nozzle area provides the maximum 
net-thrust horsepower. 

U. The value of the critical nozzle area depends on 
the engine-operating conditions. The data on critical 
nozzle area may te correlated T3y plotting the factor dis- 
placement volume X engine speed 4 nozzle area against the 
ratio of atmospheric pressure to inlet manifold pressure; 

5. The data on exhaust-gas jet thrust may "oe corre- 
lated ty plotting the factor thrust 7 mass of exhaust gas 
discharged per unit time against the factor atmospheric 
pressure x nozzle area 7 mass of exhaust gas discharged 
per unit t ime • 

6, The thrust horsepo^'er provided iDy the exhaust jet 
was found to Id e appreciable. An' example calculated for 
the case of an airplane speed of 35O miles per hour, alti- 
tude of 20,000 feet, aad inlet ma^nifold pressure of 
inches of mercury a^bsolute gave a value for the exhaust- 
gas jet thrust horsepover of 16 percent of the engine 
thrust horsepower . 

Langley Memorial Aeronautical Lahoratory, 

National Advisory Committee for Aeronautics, 
Langley Jield, Ya. 
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APPENDIX I 

IntcrnittGnt Dischar^^ic of Exhaust Gas 
ff'lirou^h a Convergent Eozzlc 



The instantanco^i?3 thrust, , produced l^y a stroan- 
0 1 exhaust ^.as ilovvin*? from a nozzle is %iren by 

(9) 



is ^iven "by 



and the velocity isj fjiveri 'Dy 



The riass flo\7 



wiierc 



(10) 



(11) 



where T is the total tenperature of the sjas upon "beini??' " 
"brought to rest adia^baticaliy . 

^hen equation:? (10 ) and (ll) are suostltuted in (9)., 



. P Y /I \ 
= p..*^ l ? 11+1 

Addition and GU"b tract ion of the tern 



(12) 



^i ves 



.V V +:i 



V Y+1 Ly + 1 \Tv, / 



1+1 



+ 1 



M 



2YHe^- 
Y +1 



.(,13) 



17hen the valus of M fron (lO) and (ll). is substituted in 
(13) 
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p. = M , 

e Y J y + 



LVj (X - i) - x] . X} (X4) 



Inte.^ration over a complete cycle and division Tjy the av- 
erage nacs flow of exhaust M^,. ^ives: 



Me . / 



47T 

ri 



47T 



£!8 ^ + 1) / 

Me 4'Tr / Y J 

" o 0 

4TT 



/ 



417 



For isentropic flo;? throu-^h a convergent nossle at , the 
critical pressure ratio p^ ^ p^ the ratio ^/^u 

7 + 1 

equal to — ^^"^^ tern 



y Y - 1 Tj, ^Tn V - 1 ^Tn ^ 

vanishes. Thus the inte<;rand, fl, ^iven hy 



n 



Po 



'2 / -1 ^ iV - f-i. ^ iV il 1 

. y Y - 1 V.Tn ^ Y - 1 / J 



is equal to unity v/hen the flow of exhaust ^as is critical. 
At other pressure ra,tios, t.-hen the discharge velocity is 
less thiin the critical velocity, Prx = Pq • ^'^^ value of 
Q for this condition may oe found as a function of the 
ratio of atmospheric pressure to the total exhaust -stack 
inpact pressure fron the relationship connectin-^ pressure 
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and tcjaporaturo fo? isontropic expansion, aaracl:? , 

7-1 



(16) 



\^hcTe i the total r.tack preGr!iirG including the voloc- 

ity hcs^d. She function:. Q Ig displajed in fi^^urc 14e 
Itc val^ic is ncarl;^ unity for all T)ut lo\7 vaJucs pf pVPq 

?.nd it }ias the value zero r/hon the exhaust va.lve its closed. 
Q thus represents a weightin^i factor for the tine of ex- 
haust discharj?^e- I7hen the mass flow per unit area is 
large or the discharge pressure is low, the stack pressure 
is appreciably fjreater than ■ atmo sphcri c pressure for iTiost 
of the time V7hile the valve is open, and CI is nearly uni- 
ty for a.11 of t-his time. Honcc for snail values of 



the integral 



4.-rT 

n 



J 



n 



d8 ^ 



Trie approximate vsiluo of the into^*^ra,l 



ATT 



M 



0 



c- 



Vira.s sho\7n in the section on ana.lysis, to he given hy 



4Tr 



J He ^ 



2 

7 + 1 me 



- r; . fie V i 



p m 

•"•e-^a 



She variation of 



i 



Y+ll 



with ne/n^ is 



diejplaj'-ed in 



fi'?ui'e 14. Its 



value is ve ry 
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noarl-r unity for nil practical values of ng/n^o. On the 

•n3aur.pt ion that this function and Q are totii unity, equa- 
tion (15) becones 



V -tS* — 



7 + 1 'e a 4TT 



Equation (12) nay Tje renritton in terns of the pres- 
sure ratio pVPq *o proTide a neans of calculating the 

exhaU3t-'"^as thrust fron pressure records. In the region 
whore tho flor; is critical, ^/^n ^-V^^ P V Pn ^■'^^ lunc-* 
tions of 7 and Iq is ^ivon by 



^1^ 
7-1 



Pg = p^A 



[5; 



' + 1/ 



- 1 



(IV) 



In the ro-;ioh whero the flovf yolocity 

g is '^iven D;r 

r 



is less than acous- 



tic, Pji - Pq ^-'^^ 



(21) 



y 



- 1 



(18) 



Those relations \7oro uned to calculate the thrust fron 
tho indicator cards. Tho r.othod uaed to dctornino pVp 
ic, described in appendix II. ^ 



APPEIIDIX. II 
Calciilation of Exhaust Gas Thrust fron 
Indi cater Dia?;rans 



The ideal thruot produced by a conver?;ent noszlo nay 
bo calculated, by r.eans ox equations (l?) and (18) (appen- 
dix l) if tho total pressure, p', in tho nozzle is known. 
The pressure ordinarily ncasurcd is tho static prcss\ire 
which nust bo corrected for the approach velocity. The 
total pressure nay- be calculated as follo\rs: 

Pro:.: the continuity condition 
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ivherc 

A stack aroa 

p stack proGsiirc 
s 

corrcr.pondin?; volocity 
!Pg corresponding? tonpcratnro 

If it is asGunod that no heat is lost fron the stack to 

the noszlo, the principle of tho conservation of onor^s'' 
^ivcs : 

The continuity equation bocor.ios 

- m = p A ~ ^ 



But 



Y-1 



and 



Y-1 



therefore 



1 / Y-1 



1 / V-l 
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This equation dofinos the relation TDot\70on pVPn 

Pc./Pi>» static pressure at the iiozzlo, , is equal 

to ' 



Y 




rhon the flo\7 through the nosslo is acoustic and is equal 
to atnosphcric pressure uhcn the flo^? is not acoustic. 
0?he equation r.ust "oo solved -graphically for p*. 



APPEITDIX III 

Conparison of Gain in Jet Thrust Horsepower with Loss in 
Engine Power for Nozzle Areas Less Than Critical 



In the region where reduction in noszlo size causes 
loss in engine power, the -^ain in net thrust is ^iven "by 

A thTD = ^^(P - ?J + Hc..Zc_Io 

P 0 550 

where is the hrako horsepower for the case of the un 

restricted exhvaust stack at the sane operating conditions 
and P is the orako horsepower with the constricted noz-r 
zla. But 



Therefore 



2. _o 

■^0 ^ o 3^0 



A thT5 



•^-o " ro 



xThero 
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p A V t> A \' 



s s 



n 



\vherc 

A^ ctack area 



p stack pressure 
s 



corresponding velocity 
Tg corrcGpondin^5 t cr.porrituro 

If it is c?.ssuncd that no hoat is lost fron the stack to 
the noszlo, the principle of the conservation of enor-:;y 
^ives : 



Y - 1 



0?he continuity equation bccor.ios 



But 



T /p ^ 

5 ^t)'^ 



Y 



and 



Y-1 



therefore 



1 ' / Y-1 

(p^yp')^ / ^ - (p./p') 
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This equation dofinos the relation 'bctroon P'/Pn ^--^ 
Pe./Pp» static prcssiiro at the nozzle, , is equal 

to " 

rhcn the flo\7 through the nc2z3.o is acoustic and is equal 
to atnosphoric pressure the flo\7 is not acoustic. 

The equation nust bo GOlvcd ^raphi.cailv for p'. 

APPENDIX III 

Conparison of Gain in Jet Thrust Horsepower with Loss in 
Engine Power far Nozale Areas Less Than Critical 



In the region where reduction in nozzle size causes a 
loss in online X)ow0r, the ^ain in net thrust is ^iyen "bjr 

A thu = T1^(P - ?^) + He^e^Io 

^ 550 

where P^ is the hrako horsepower for the case of the un- 
restricted exhaust stack at the same operating conditions" 
and P is the orako horsepower with the constricted noz- 
zLa* But 

IjiJo I_r_io, 

^0 ^ O ^0 

Therefore 

*^0 * ro 

where 




(b) Target for altitude exhaust pressure 
Figure 1.- Diagram of thrust measuring device. 
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Figs. 2a, b 




Figure 2a.- Test set-up for sea-level exhaust pressure. 
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(e)' 



0 100 200 300 400 5P0 600 
Hf NfA . f t per sec 



(a) Po/Pm=0-2;(b) p/pj^=0.4;(c) ip^p^=0.6; 
Figure 5.- Variation of with v^N/A. 



Figs. 5,6 




(e) 



O 100 200 300 400 500 600 
VaN/A .ft per sec 

(a) Po/pn=0.2;(b) p„/pn,=0.4,(c) Po/p„=0.6; 

(d) Po/Pn,=0.8!(e.) Po/p„,=1.0. 
Figure 6.- Variation of atj, with t^N/A. 
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g) Figs. 7, 8 
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Fig. 9a, b 
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Figure 10.- Correlation of all data on variation of mean effective exhaust -gas jet velocity, 
, with Vo^^ 
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PolPm 

(a) Engine speed, 1300 xpm. (b) Engine speed, 1500 rpm. (c) Engine speed, 2100 rpm. 
Figure 13.- Effect of nozzle area on cylinder-head temperature (p^^^ = 30 in. Hg abs). 
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Figure 11.- Example of gain in thrust hp 

with' exhaust-gas jet .propulsion 
with optimum v^N/A. (Weight of exhaust gas, 
0.002 lb per sec per bhp; r\ taken from 
fig. 4e ; Tip = 0.85) 
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and Q(pVpo) for 7=1.3. 
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